proposed that the global shape of the CV syllable onset spectrum provides the listener with a primary and contextually invariant cue for place of stop consonant articulation. Contextually variable formant transitions are, in contrast, claimed to constitute secondary cues to place of articulation that, during development, are learned through their co-occurrence with the primary spectral ones. In the two experiments reported here, these claims about the relative importance of the onset spectrum and formant transition information were assessed by obtaining adults' and young children's identifications of synthetic stimuli in which these two potential cues specified different places of articulation. In general, the responses of both adults and children appeared to be determined by the formant transitions of the stimuli. These results provide little support for the claim that sensitivity to the global properties of the onset spectrum {as described by Stevens and Blumstein} underlie place of articulation perception or for Stevens and Blumstein's primary versus secondary cue distinction. Rather, these findings are consistent with the view that dynamic, time-varying information is important in the perception of place of articulation.
However, the absence of acoustic-phonetic invariances observed in previous investigations may not be an inherent characteristic of the speech signal. Instead, this "lack of invariance" may be indicative of a failure to find an appropriate psychological description of the speech waveform. With respect to place of articulation, Fant {1960, 1973} and Stevens and Blumstein {1978, 1981} and Blumstein and Stevens (1979, 1980} have, for example, argued that the burst and transition information in the first 10-30 ms of the CV syllable, which are the result of one articulatory gesture, provide a single, integrated cue to consonantal identity that is independent of the following vowel context. As Stevens and Blumstein {1978} have pointed out, although bursts and formant transitions are visually distinctive in spectrographic displays, the auditory system does not necessarily process these features independently of one another. Rather, these acoustic segments might, in the early stages of auditory analysis, combine in such a way that they provide the basis for the constancy of the place percept. Recent attempts to model the initial stages of speech processing, which employ more sophisticated methods of analysis than traditional spectrographic ones, have, in fact, met with some success in identifying invariant acoustic correlates of place of articulation {e.g., Blumstein by the presence of the burst (e.g., Stevens and Blumstein, 1978} . Thus the global, context-independent properties associated with different places of articulation do not depend on fine details of the initial part of the waveform. According to Stevens and Blumstein's theory, sensitivity to the global properties of the onset spectrum provides the primary basis for the adult listener's ability to differentially identify place of articulation for stop CV syllables. In contrast, formant transition information (e.g., starting frequency and formant trajectories} constitutes a secondary, context-dependent cue to place of articulation, which may be invoked in the absence or distortion of the primary, invariant spectral cues. Thus adults are able to identify place of articulation for two-formant stimuli (Cooper et al., t952; Delattre et al., 1955}, even though these stimuli lack the primary spectral properties (e.g., Stevens and Blumstein, 1978}.
However, formant transitions are not essential for accurate place categorization; their main "function" is instead to provide a smooth and continuous change between the onset spectrum and the following vowel.
The ability to use secondary, context-dependent formant transitions in place of articulation perception is one that is, Stevens and Blumstein suggest, acquired in development by virtue of their co-occurrence with the primary spectral cues. The prelinguistic infant's discrimination of place differences (e.g., Eimas, 1974; Moffitt, 1971; Morse, 1972; Williams and Bush, 1978} is explained by assuming that the auditory system is innately endowed with feature detectors which are sensitive to the invariant spectral properties associated with different places of articulation.
• Thus the properties of the onset spectrum are asserted to be primary for the perception of place of articulation in that (1} for the adult, they constitute the major and most reliable basis for perception and (2} developmentally, they are used prior to formant transition information, and sensitivity to these properties is innate.
In order to provide empirical support for their claim that it is sensitivity to the global properties of a stimulus' onset spectrum which mediates the perception of place of articulation, Stevens and Blumstein (1978} conducted a study in which adult listeners were required to identify synthetic stop CV syllables from several continua. The stimuli within a continuum varied in place of articulation {/b-d-g/ or /b-g/} in one of three vowel contexts (/i/, /a/, or ?u?} and contained either bursts + transitions, transitions only, or bursts only. It was found that the best exemplars {according to subjects' identifications} of each place category for the burst + transition and the transition-only continua had onset spectra which possessed the proposed primary, context-independent cues. These spectral shapes were not observed for stimuli that were inconsistently identified--i.e., for category boundary stimuli. (Although the burst-only stimuli possessed distinctive onset spectra, they contained an additional and conflicting discontinuity and, according to Stevens and Blumstein, were therefore inconsistently identified.} Stevens and Blumstein interpreted their results as supporting the notion that identification of place of articulation is achieved through the operation of auditory feature detectors which are sensitive to the gross, invariant properties of the onset spectrum. Yet, whether or not sensitivity to these spectral properties is primarily responsible for mediating perception of place remains unresolved since, in their burst + transition and transition-only stimuli, these properties were confounded (as they undoubtedly are in natural speech} with other acoustic properties, such as burst frequency and formant transitions, that may also provide the listener with information about place of articulation. So, for example, the spectral properties that Stevens and Blumstein consider to be distinctive for each place category may have co-occurred with what is perceptually optimal formant transition information for the same place categories, and nondistinctive onset spectra may have been confounded with ambiguous formant transitions. On the basis of Stevens and Blumstein's results, the relative importance of a stimulus' onset spectrum, burst frequency, formant transitions, and VOT in specifying its place of articulation is not clear. Their results merely serve to illustrate that those properties of the onset spectrum which they claim underlie place perception are associated with different place categories and do not require the conclusion that these properties are necessary or even sufficient cues for the specification of place.
In a more recent series of experiments, Blumstein and Stevens (1980} presented listeners with truncated versions of synthetic burst + transition and transition-only stop CV syllables containing either moving or "straight" transitions. Subjects were able to reliably identify the place of articulation of these brief stimuli, when their onset frequencies corresponded to those of the best exemplars of each place category (according to the identification functions obtained in their previous study; Stevens and Blumstein, 1978 Blumstein, 1978} , is that the strategy for investigating place of articulation perception has been to vary burst, VOT, and formant transition information and to assess the effects of these manipulations on perception, rather than to directly manipulate properties of the onset spectrum. Such an approach can provide only indirect support for the claim that place perception is primarily mediated by the detection of the relative slope and diffuseness of spectral energy at stimulus onset. A strong test of their theory "...would be to determine whether perception of place of articulation depends on attributes of the gross shape of the spectrum at onset, independent of fine details such as burst characteristics and formant onset frequencies" (Stevens and Blumstein, 1978, p. 
1367).
In the present study, we adopted such an approach in evaluating two of the major claims of Stevens and Blumstein's theory--i.e., that global properties of the stop CV syllable onset spectrum are primary in the adult's and the developing child's perception of place of articulation. These claims were assessed by obtaining adults' and young children's identifications (in experiments 1 and 2, respectively} of synthetic stop CV syllables in which formant transition information specified one place of articulation, but in which the onset spectrum specified a different (or conflicting} place of articulation. This manipulation was, following the suggestion of Stevens and Blumstein (1978}, achieved by varying the relative amplitudes of the formants at stimulus onset. By examining how listeners identify such stimuli, we hoped to determine the relative contribution of spectral information at stimulus onset and transition information to the perception of place of articulation. 
A. Subjects
Thirty-six Indiana University students, who had little or no experience in listening to synthetic speech, served as subjects in the experiment. Three additional subjects were excluded from the data analysis. 2 Subjects were either paid for their participation or received credit towards an introductory psychology course in which they were enrolled. oeaeh subject was a native speaker ofoenglish and reported no history of speech or heating disorder at the time of testing.
B. Stimuli
Nine CV syllables (three control and six experimental or "conflicting cue" stimuli) were constructed for each of the two vowel conditions (/a/ and /u/) using a modified version of the Klatt (1980) copies from a Tektronix 4010-1 of the onset spectra and then comparing them visually with transparencies of Stevens and Blumstein's templates. In order to achieve the desired fits, the relative amplitudes of the formants were set to those values specified in Table I . A value of 66 dB was chosen as a baseline from which to vary the relative amplitudes of the formants. In cases where the amplitude of a given formant relative to other formant amplitudes was altered, the amplitude of that formant was constant for the first 25 ms of the stimulus {i.e., for about the duration of the analysis window} and then rose {or fell} linearly back to the baseline amplitude over the next 25 ms of the stimulus.
Conflicting cue st/Ynuli
Two experimental or conflicting cue stimuli were derived from each control stimulus. Thus a total of 12 conflicting cue stimuli (six for each vowel condition} were constructed. A conflicting cue stimulus differed from the original control stimulus only in that its formant amplitudes were manipulated {see Sec. IB1} such that its onset spectrum specified a place of articulation different from {and thus in conflict with} that specified by its formant transitions. {The formant amplitudes employed to achieve this manipulation are shown in Table I ; the onset spectra of the conflicting cue stimuli are shown in Figs. 2 and 3 beneath the control stimuli from which they were derived.} As an example, the conflicting cue stimulus lb has the same spectro-temporal specifications as control stimulus 1 a and is, therefore, by this particular description a /ba?. However, the onset spectrum of stimulus lb is appropriate for a ?da?. Each conflicting cue stimulus had an onset spectrum which was accepted by one of the Stevens and Blumstein templates, but which was rejected by the other two templates--including the one which was actually appropriate according to the stimulus' formant C. Procedure
Half of the subjects were assigned to the/a/condition, the other half to the ?u? condition. The subjects were told that they would hear computer-generated versions of the syllables"ba, .... da," and "ga" {or"bu, .... du," and "gu"} and that they were to identify each stimulus as quickly as possible by pressing one of three labeled response buttons. A cue light signaled the presentation of a stimulus.
The subjects first listened to a block of stimuli, in which each of the three control stimuli for that condition were presented ten times and each of the six conflicting cue stimuli were presented five times in random order {such that subjects heard an equal proportion of control and conflicting cue stimuli}. This block of trials served to familiarize the subjects with the stimuli and to allow them to practice responding. These data were not analyzed. In the testing phase of the experiment, subjects were presented with 24 repetitions of each of the six conflicting cue stimuli and 48 repeti- By this analysis of the group data, subjects appeared to rely primarily on formant transition information for identifying place of articulation in the conflicting cue stimuli. Nevertheless, in some instances, the overall mean proportion of identifications was considerably less than for the control stimulima result which suggests that subjects experienced difficulty in making their identifications. This difficulty could be explained in at least two ways. Assuming, for example, that both formant transition information and the shape of the onset spectrum normally (e.g., for the control stimuli} provide independent cues for place of articulation and that both cues are adequately specified within the experimental stimuli, it could be that the two cues conflict with one another in the experimental stimuli and that it is therefore difficult for subjects to selectively attend to either cue. Alternatively, it could be the case that the stimuli are simply rendered ambiguous with the amplitude manipulation. Even though the onset spectrum and formant transitions are still specified in the stimuli, perhaps neither constitutes a good description of the acoustic information that subjects actually use to identify place of articulation and we inadvertently altered some other critical information. These issues were pursued by ex- amining the performance of individual subjects.
Individual subject analysis
In the analysis of the data of individual subjects, an identification "rule" was inferred from the pattern of a subject's identifications for each of the nine stimuli in the two vowel conditions. A role was defined as the identification of a stimulus according to a particular place category on 60% or more of the trials for that stimulus. (The probability of doing so by chance is less than 0.01 by a chi-square test.) At the left of each of the three panels in Fig. 6 is shown the number of subjects that correctly identified each control stimulus in the/a/condition by this criterion. Here the rule is referred to as F, S, since subjects could have used either formant transitions, the onset spectrum, or both to identify a stimulus. To the fight of the control stimulus in each panel is shown the number of subjects that identified the two conflicting cue stimuli {derived from that control stimulus) according to a formant transition rule (F), an onset spectrum role {S), or with the "other" third response {O ). Also shown for each control and conflicting cue stimulus in the figure is the number of subjects who did not respond according to one of these rules, but instead divided their responses among the three place categories and thus responded inconsistently (I). Individual subjects' rule use in the/u/condition is represented in Fig. 7 . From Figs. 6 and 7 it can be seen that although placing formant transitions and onset spectra in conflict with one another did increase inconsistencies in the responses of some subjects, the majority of subjects were very consistent in using either a formant-or an onset spectrum-based rule•even for stimulus lb, 1 c, 4b, and 4c. This suggests that the poorer identification seen in the group data for these stimuli was not due to the ambiguous nature of the stimuli, but rather may be attributed to individual differences in the type of cue used to identify place of articulation. For example, ten subjects consistently identified stimulus 4c (in the/u/conditionl by a formant transition role, whereas five subjects consistently identified this same stimulus according to its onset spectrum {i.e., as/gu/). This sort of finding would appear to indicate that both cues may be used by adults and that neither is primary in the sense that, in the face of a conflict between the two cues, one alone is always selected as the basis for stimulus identification. Nevertheless, it is quite obvious from this analysis, as well as the group one, that formant-based responses to the conflicting cue stimuli predominated.
E. Discussion
From the results of experiment 1, it is apparent that subjects were able to identify the conflicting cue stimuli ei- shape of their onset spectra (a finding which was both subject and stimulus dependent}. To this extent, the results are consistent with Stevens and Blumstein's contention that the two cues coexist in the stop CV waveform and support the perception of place of articulation. However, neither cue is sufficient in itself to account for the identification data; i.e., when the "primary" and "secondary" cues conflicted, subjects did not rely exclusively on one of these cues to identify all the stimuli. This fact lends little support to the utility of a primary versus secondary cue distinction. Moreover, the results indicate that formant transition information may contribute in an important way to the specification of place of articulation. Despite the fact that the "primary" properties of the onset spectrum were present in a given conflicting cue stimulus, listeners' identifications of the stimulus generally agreed with its place of articulation as specified by the "secondary" formant transitions. This finding argues strongly against Stevens and Blumstein's claim that the global properties of the onset spectrum provide the major basis for the perception of place of articulation in syllable-initial stop consonants.
II. EXPERIMENT 2: CHILDREN'S PERCEPTION
Stevens and Blumstein {1978, 1981; Blumstein and Stevens, 1979, 1980} have proposed that innate sensitivity to the relative slope and diffuseness of spectral energy at stimulus onset allows the infant to derive the appropriate place categories from the stop CV waveform. In contrast, the ability to use formant transition information for stop consonant identification is, according to their account, one which is acquired in development--through a process similar to incidental learning; because secondary, context-dependent formant transitions normally co-occur with the primary, invariant properties of the onset spectrum, the developing child eventually comes to be able to use the secondary cue {e.g., in the absence or distortion of the primary one}.
There has to date been little empirical research directed at evaluating Stevens and Blumstein's developmental claims {but see Aslin and Walley, 1980}. 4 In experiment 2, we attempted to do so by studying how young children {of about 5 years of age} identify stop CV syllables in which the properties of the onset spectrum and formant transition information conflict with each other. The results of experiment 1 indicated that formant transitions do not assume merely secondary importance relative to the onset spectrum in adult perception. Yet, if formant transition cues are learned only incidently, it might be expecte d that the ability to use them would not be fully developed in young children. Therefore young children might experience greater difficulty in using this information when it conflicts with the properties of the onset spectrum (as in the conflicting cue stimuli of experiment 1} then when it does not conflict {as in the control stimuli of experiment 1}.
A. Sublects
Ten children {mean age = 5 years, 1 month; range = 4,1-6,0} served as subjects in the experiment. Six additional children (mean age = 4,5; range = 4,0-5,5} participated in the experiment, but their data were excluded from the analysis? Subjects were obtained by placing an advertisement in a local newspaper and were paid for their participation. None of the subjects, according to their parent's report, had any history of hearing or speech disorder.
B. Stimuli
The stimuli used in this experiment were the nine {three control and six conflicting cue} stimuli of the/a/condition in experiment 1.
C. Procedure
Each subject was tested individually in two sessions on separate days (with not more than one day intervening between sessions). A subject was seated in front of a response box which had three "labeled" response buttons. The labels for the response buttons were three visually distinctive, cartoon faces. The subject was told that he/she would later listen to a computer making the sounds "ba," "da," and "ga" and that he/she was to press the nose of the person that made the sounds as they were presented.
Training
In the training phase of session 1, the subject was first taught to associate the syllables "ba," "da," and "ga" with a certain face and response button. The experimenter (ACW), who was seated beside the subject, explained which sound each of the three people made and then orally produced five tokens of each of the three syllables in a predetermined random order. The subject was asked to press the nose of the person who made each sound. Responses were recorded manually by the experimenter, who provided the subject with feedback on each trial. Ifa child responded correctly on 14 of the last 15 of these oral training trials (a maximum of 45 trials was given), he/she advanced to the second phase of training. Otherwise, the subject was considered to have failed training and the session was termir/ated. On the second day of testing, this part of training was eliminated; the child was simply reminded which sound each of the three people made and was "retrained" with 15 presentations of the synthetic control stimuli (see below).
In the second phase of training, the subject was presented over headphones with five tokens of the three control stimuli (i.e., stimulus la, 2a, and 3a)in a predetermined random order. Again the child was asked to indicate which person had made a sound by pressing one of the three response buttons. The experimenter, who also listened to the stimuli over headphones, observed and recorded the subject's responses manually and provided feedback. The same criterion as that used in the first phase of training was adopted to determine whether or not the subject advanced to the testing phase of the experiment.
Testing
In the testing phase of each session, the subject heard six presentations of each of the nine {three control, six conflicting cue} stimuli in random order. Thus, since there were two testing sessions, the subject heard each stimulus twelve It is possible that the critical properties of the onset spectrum were not specified optimally in our conflicting cue stimuli. With our manipulation of relative formant amplitudes, we might have been more successful in matching some of the stimuli to Stevens and Blumstein's templates than we were for others. However, if we had succeeded to varying degrees in matching the stimuli to the appropriate templates {and if, in fact, these templates incorporate properties that are important for the identification of place of stop consonant articulation}, many more inconsistencies in responding 2One of these subjects failed to respond on 22 of the test trials. The other two subjects responded in what was considered to be an inappropriate manner for control stimulus 4a. This stimulus which, according to either its formant transitions or onset spectrum, should be identified as/bu/, was identified as/gu/more than 60% of the time by one of these subjects. The other subject identified this stimulus in what was determined to be an unacceptably inconsistent manner. 3We chose to model and manipulate Stevens and Blumstein's transitiononly stimuli rather than the more natural burst + transition stimuli. This was done in order to avoid having to decide which, if any, properties of the burst should, in addition to those of the formant transitions, be modified to achieve the desired combination of the onset spectrum and formant transition cues. It was felt that which of these two types of stimuli (i.e., burst + transition or transition-only) was selected for testing Stevens and Blumstein's theory should not be crucial to the outcome of the present experiment, since Stevens and Blumstein claim that their transition-only stimuli have distinctive and context-independent onset spectra and their shapes are merely enhanced by the presence of the release burst.
• Aslin and Walley (1980) found that six-month-old infants were able to discriminate two-formant tokens of/da/and/ga/, even though the onset spectra of these stimuli did not have those properties which Stevens and Blumstein propose characterize alveolar and velar place of articulation and which they maintain mediate place discrimination in infants.
•Three subjects failed to pass training with the orally produced stimuli and one subject failed to pass with the synthetic stimuli in less than 45 trials. Therefore these subjects were not tested. The remaining two children completed testing, but their data were excluded from the analysis because they responded in an unacceptably inconsistent manner for one of the control stimuli.
•'his level of alpha was chosen for the analysis of the children's data because they were given 12 rather than the 24 or 48 trials per stimulus that the adults received. Therefore it was not possible to obtain the resolution necessary to classify the children as having used a particular rule for alpha = 0.01 without being much more stringent than in the analysis of the adult data. 7In a three-way ANOVA {PLACE X CONSISTENCY X AGE), we examined the consistency with which individual children and adults identified each of the nine stimuli in the/a/series, using 1 -Relative H as a measure of the amount of uncertainty present in a given subject's categorization of a stimulus (see Attneave, 1959; Gamer, 1962) . No main effect of age was obtained, nor did age interact significantly with any other factor, indicat-ing that children and adults did not differ in their responding for any of the 
